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HIGHLIGHTS 


•  Structural  changes  in  aged  Pt/C  and  PtCo/C  catalysts  worked  in  PEMFC  were  studied. 

•  Detailed  XPS  analysis  was  applied  to  extend  previous  TEM/XRD/XAFS  observations. 

•  Aged  Pt/C:  large  particles  are  formed  mainly  in  cathode/membrane  interface  region. 

•  Aged  PtCo/C:  stable  nanoparticles  with  Pt4Co  core  covered  by  Pt-skin  are  formed. 

•  Pt-skin  formation  is  the  main  factor  responsible  for  mild  variation  in  PtCo/C  activity. 
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We  present  a  set  of  XPS  (X-ray  photoemission  spectroscopy)  measurements  and  detailed  data-analysis  of 
electrodes  for  polymer  electrolyte  membrane  fuel  cell  (PEMFC)  based  on  carbon  supported  catalysts  (Pt  and 
Pt-Co)  subjected  to  a  step-like  potential  cycling  (accelerated  degradation  test).  The  results  of  the  mea¬ 
surements  complete  and  corroborate  parallel  TEM  (transmission  electron  microscopy),  XRD  (X-ray 
diffraction)  and  XAS  (X-ray  absorption  spectroscopy)  results  pointing  at  a  modification  of  the  nano¬ 
structure  of  the  catalyst  grains.  The  surface  sensitivity  of  the  XPS  measurements  is  used  to  study  the 
modification  of  the  reactive  surface  structure  of  the  nanoparticles  and  the  interplay  of  reactivity  and 
dissolution/precipitation/agglomeration  of  metal  clusters  during  the  catalyst  work.  The  combination 
of  XPS  results  with  XRD,  XAS  and  TEM  ones  allowed  us  to  obtain  a  model  for  the  structural  changes  in  Pt— Co 
nanoparticles  occurring  during  operation.  The  main  structural  modifications,  in  which  predominantly  Co 
atoms  are  involved,  occur  during  the  first  hours  of  catalyst  operation  changing  the  stoichiometry  and 
degree  of  disorder  in  external  particles  shell.  In  the  last  stages  of  the  degradation  process,  core-shell 
particles  structure,  with  ordered  Pt4Co  core  and  Pt-rich  shell  (and  finally  Pt-skin),  is  formed  possibly 
explaining  higher  Pt-Co  catalyst  stability  (structural  and  electrochemical)  than  pure  Pt  catalyst. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  development  of  new  materials  that  can  solve  challenging 
problems  in  the  areas  of  clean  energy  production,  conversion  and 
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storage  is  of  paramount  importance  in  the  quest  to  find  an  alter¬ 
native  to  environmentally  unfriendly  fossil-fuel  use.  One  promising 
alternative  is  the  polymer  electrolyte  membrane  fuel  cell  (PEMFC) 
[1-6  .  However,  to  make  hydrogen  based  energy  systems  a  vibrant 
and  competitive  force,  many  problems  still  need  to  be  solved  [7]. 
The  main  one  is  to  find  a  more  stable,  effective  and  less  expensive 
catalyst  than  Pt  for  the  oxygen-reduction  reaction  (ORR). 

One  of  the  possible  ways  to  create  electro-catalysts  with  unique 
properties  is  to  form  alloy  of  two  or  more  metals.  Several  in¬ 
vestigations  [8-13]  have  been  carried  out  in  the  Pt-based  alloys  to 
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determine  the  role  of  alloying  on  the  electro-catalytic  activity  of  Pt 
for  the  ORR.  However,  definitive  determination  still  remains 
elusive.  One  of  the  difficulties  in  determining  the  effect  of  alloying 
in  supported  catalysts  is  that  the  catalyst  activity  strongly  depends 
on  the  microstructure  and/or  on  the  method  of  preparation. 
Therefore,  the  effects  of  chemical  composition,  atomic  surface 
structure  and  surface  segregation-induced  electronic  properties 
change  on  the  supported  bimetallic  nanoparticles  reactivity  are  still 
discussed.  Moreover,  the  particles  of  alloyed  Pt  usually  have  not 
either  the  same  size  or  shape  as  the  pure  Pt  reference  catalysts  and 
a  simple  comparison  of  activity  normalized  either  by  mass  or  sur¬ 
face  area  is  insufficient  to  identify  a  true  alloying  effect.  This 
complexity  emphasizes  the  need  to  use  well  characterized  mate¬ 
rials  to  identify  the  fundamental  mechanisms  of  the  ORR  and  of  the 
catalyst  durability. 

Recently,  Co  containing  Pt  alloys  attracted  large  interest  in  their 
applications  in  fuel  cell  technology,  especially  as  a  cathode  catalyst 
in  PEMFC.  Many  works  (e.g.  Refs.  [14-19  )  were  devoted  to  fine 
analysis  of  the  nanoalloys  structure  and  possible  correlations  be¬ 
tween  structure  and  morphology  and  functional  properties.  There 
is  a  consensus  that  Pt-Co  alloys  offer  a  favorable  intrinsic 
enhancement  in  electrocatalytic  activity  and  stability  [16-18].  In 
this  work  we  focus  on  the  changes  induced  by  real  fuel  cell  working 
conditions  observed  by  X-ray  photoelectron  spectroscopy  (XPS)  in 
simple  commercial  Pt  and  bimetallic  Pt-Co  nanocatalysts  sup¬ 
ported  on  Vulcan  (E-TEK).  The  atomic  level  structure  of  considered 
nanomaterials  (in  the  powder  form  and  in  the  form  of  thin  catalytic 
layer  being  a  part  of  working  PEMFC)  was  the  subject  of  our  pre¬ 
viously  published  papers  [18-22  ,  where  a  detailed  characteriza¬ 
tion  (accounting  for  size  effects  and  chemical  disorder)  was 
performed  by  transmission  electron  microscopy  (TEM),  X-ray 
diffraction  (XRD)  and  X-ray  absorption  spectroscopy  (XAS).  Com¬ 
bination  of  these  methods  resulted  in  a  very  precise  description  of 
nanocatalysts  structure  (i.e.  nanoparticles  morphology  and  their 
size  distributions,  geometric  structure  on  the  atomic  level  by  mean 
of  pair  and  angle  distribution  functions)  and  gave  possibility  to 
observe  subtle  structural  changes  induced  by  PEMFC  working 
conditions  (temperature,  cell  potential,  time).  Despite  that  such 
techniques  are  in  general  bulk-sensitive  and  give  information  about 
mean  short-  and  medium-range  structure.  Combining  them  we 
have  been  able  to  extract  some  information  about  nanoparticles 
surface  structure  (so  important  from  the  catalytic  point  of  view). 
We  have  noted  their  modifications  as  a  result  of  various  applied  FC 
working  conditions  and  possible  core-shell  structure  formation  in 
Pt-Co  nanocatalyst.  However,  direct  and  detailed  study  using  sur¬ 
face  sensitive  technique  was  needed  to  confirm  our  preliminary 
results.  For  this  reason,  we  used  XPS  technique  to  investigate  the  FC 
working  time-dependent  changes  in  the  atomic  composition  and  in 
the  oxidation  states  of  the  Pt  and  Co  atoms  belonging  to  the 
nanoparticles  surface. 

The  paper  is  organized  as  follows:  after  the  section  containing 
experimental  details,  the  results  of  XPS  data  analysis  of  Pt  and 
Pt-Co-based  electrodes  are  presented  in  Section  3.  Section  4  is 
dedicated  to  the  discussion  of  the  obtained  results.  Section  5  con¬ 
tains  the  main  conclusions  of  this  work. 

2.  Experimental 

2.2.  Sample  preparation 

XPS  measurements  were  performed  on  two  pristine  powders 
20%Pt/Vulcan  (E-TEK,  hereafter  called  Pt/C)  and  30%PtCo/Vulcan  (E- 
TEK,  hereafter  called  PtCo/C)  and  on  electrodes  prepared  on  the 
basis  of  these  powders.  To  prepare  the  electrodes  the  required 
quantity  of  metal/Vulcan  catalytic  powder  (Pt/C  or  PtCo/C)  was 


placed  in  a  closed  glass  vial  with  isopropyl  alcohol  and  5%  Nation 
solution  (Nation  content  was  35%  wt.).  The  suspension,  stirred  at 
room  temperature  for  24  h,  was  then  brushed  on  the  gas  diffusion 
layer  (ELAT  GDL,  LT1200W,  from  E-TEK)  and  dried  at  80  °C  for 
30  min.  The  total  metal  loading  was  computed  from  the  weight  and 
for  all  Pt/C  and  PtCo/C  electrodes  was  about  0.9  and  1.5  mg  cm-2, 
respectively.  Such  electrodes  were  used  as  cathodes  in  membrane 
electrode  assemblies  (MEAs).  Moreover,  MEAs  were  composed  of 
Nation  N-112R  (DuPont)  as  a  polymer  electrolyte  and  a  Pt  standard 
electrode  on  the  anode  side  (E-TEK,  Pt  loading  0.5  mg  cm-2).  MEAs 
(not  hot  pressed  in  this  case  to  facilitate  their  dismounting  to 
perform  structural  analysis  of  the  catalysts)  were  then  placed  into  a 
single  fuel  cell  (FC)  and  conditioned  in  H2/O2  flows  on  the  anode/ 
cathode  side,  respectively,  at  70  °C  and  0.6  V  for  2-4  h.  After  that 
the  degradation  process  of  electrocatalyst  was  performed  by  using 
an  accelerated-test  methodology  based  on  the  step-like  potential 
cycling,  i.e.  FC  was  worked  1  h  at  0.6  V  and  1  h  at  open  circuit 
voltage  (OCV).  The  total  working  time  amounted  to  150  h  (the  time 
taken  for  conditioning  did  not  count  toward  the  working  time).  For 
both  type  of  electrocatalysts  the  following  set  of  samples  was 
prepared: 

1.  pp-Pt/C  -  pristine  powder;  0-Pt/C  -  as  prepared  electrode;  100- 
Pt/C  and  150-Pt/C  -  cathode  worked  for  100  h  and  150  h, 
respectively. 

2.  pp-PtCo/C  -  pristine  powder;  0-PtCo/C  -  as  prepared  electrode; 
50-PtCo/C,  100-PtCo/C  and  150-PtCo/C  -  cathode  worked  for 
50  h,  100  h  and  150  h,  respectively. 

After  each  degradation  stage  the  electrochemical  performance 
of  the  single  FC  was  checked  (see  Section  2.2.)  and  then  cell  was 
dismounted  and  cathode  catalyst  was  subjected  to  ex  situ  XPS 
measurements  (see  Section  2.3.). 

2.2.  Electrochemical  performance  of  single  FC 

In  Fig.  1  comparison  between  considered  cathode  catalysts  ac¬ 
tivity  defined  by  FC  current  density  measured  at  0.8  V  at  the  end  of 
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Fig.  1.  Pt/C  and  PtCo/C  cathode  catalyst  activity  (defined  by  FC  current  density  at  0.8  V) 
as  a  function  of  fuel  cell  working  time  (dotted  curves  are  only  an  eye  guide).  Detailed 
information  about  FC  working  conditions  can  be  found  in  the  text. 
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each  degradation  stage  is  presented.  The  following  working  con¬ 
ditions  were  applied  during  conditioning  and  accelerated  degra¬ 
dation  test,  and  then  during  the  FC  performance  check:  H2 
flux  =  100  ml  min-1, 02  flux  =  200  ml  min-1,  T(cell/H2/02)  =  70/70/ 
70  °C,  p(02)  =  p(H2)  =  1  bar  for  Pt/C  catalyst  and  2  bar  for  PtCo/C 
catalyst. 

From  Fig.  1  it  is  easy  to  note  a  significant  difference  between  Pt/C 
and  PtCo/C  cathode  catalyst  activity  and  their  variation  as  a  func¬ 
tion  of  FC  working  time.  In  the  case  of  Pt/C  electrocatalyst  100  h  of 
work  under  step-like  potential  cycling  conditions  was  enough  to 
lose  over  75%  of  initial  current  density.  Degradation  prolongated  by 
subsequent  50  h  led  to  the  complete  fuel  cell  deactivation  (polari¬ 
zation  curve  was  not  collected).  Whereas,  in  the  case  of  PtCo/C 
electrocatalyst  150  h  of  work  under  the  same  conditions  did  not 
strongly  affect  the  cathode  activity.  However,  it  should  be  under¬ 
lined  a  slight  drop  of  current  density  occurred  during  the  first  50  h 
of  work  and  then  their  progressive  increase.  Other  details  as 
regards  electrochemical  performance  of  FC,  particularly  when  the 
cathode  activation  region  is  considered,  can  be  found  in  Ref.  19]. 

Despite  these  differences,  previously  obtained  XRD/TEM/XAS 
results  led  us  to  the  following  general  conclusions,  valid  for  both 
type  of  catalysts:  1)  changes  in  the  mean  structural  and  chemical 
order  in  the  Pt  and  Co  atoms  local  environment  did  not  affect  the  FC 
performance;  2)  electrochemical  parameters  of  FC  depended  pre¬ 
dominantly  on  the  metallic  phase  structure  at  nano-  and  micro¬ 
scopic  level  and  on  the  nanoparticle  size  distribution  instability. 
However,  some  important  issues  as  the  high  stability  of  Pt-Co 
nanoparticle  size  distribution  and  the  mild  variation  in  PtCo/C 
cathode  catalyst  activity  during  FC  operation  are  still  unexplained. 

2.3.  XPS  measurements  and  analysis 

The  X-ray  photoelectron  spectra  of  the  samples  were  recorded 
with  a  concentric  hemispherical  analyzer  (CHA)  in  ultra  high  vac¬ 
uum  (UHV)  with  a  base  pressure  below  10-9  Torr  by  employing  Al- 
Ka  unmonochromatised  source  (1486.7  eV)  operating  at  10  kV  and 
a  constant  pass  energy  of  58.5  eV  for  survey  scans,  as  well  as  for 
detailed  scans.  All  binding  energy  values  were  charge-corrected  to 
the  adventitious  C(ls)  signal  which  was  set  at  285.1  eV.  The 
quantitative  evaluation  of  each  peak  was  obtained  by  dividing  the 
integrated  peak  area  (PA)  by  atomic  sensitivity  factor 
(ASF(Pt4f)  =  4.4,  ASF(Co2p3/2)  =  2.5,  ASF(Cis)  =  0.25)  [23]  after 
subtracting  background  [24,25]. 

Atomic  concentration  and  the  relative  amounts  of  metallic  and 
oxide  components  of  Pt  and  Co  were  calculated  from  Pt(4f)  and 
Co(2p3/2)  signals,  respectively.  Thus,  the  Pt(4f)  spectra  were 
deconvoluted  into  three  separate  doublets  (4f7/2,  4f5/2)  of  valency, 
respectively:  metallic  platinum  Pt°  (71.66,  75.01  eV),  Pt(OH)2/ 
PtO  Pt11  (73.06,  76.41  eV)  and  Pt02  —  Ptlv  (74.65,  77.9  eV).  The 
spin-orbit  splitting  of  the  doublets  and  the  energy  shift  of  the  Pt 
metallic  with  respect  to  Pt11  and  PtIV  were  similar  to  the  values 
reported  in  the  references  23,26,27].  During  the  fitting,  constant 
width  and  shape  for  the  doublet  peaks  of  Pt°,  Pt11  and  PtIV  were  used 
for  all  the  samples.  The  branching  ratio  was  kept  at  the  statistical 
value.  At  the  same  time,  the  Co(2p3/2)  spectra  obtained  for  30%PtCo/ 
Vulcan  electrocatalyst  were  fitted  to  estimate  the  relative  amounts 
of  various  Co  components.  The  energy  shift  of  the  Co°  to  Co11  has 
been  precisely  determined  from  the  Co  oxidized  foil  (obtained 
value  was  comparable  to  the  values  found  in  Refs.  [23,28  ).  The 
satellite  structure  associated  with  the  Co(2p)  line  of  Co11  is  quite 
complex  because  of  the  two  strong  components  at  2.1  eV  and  5.8  eV 
above  the  principal  line  of  Co11  [28].  Therefore,  the  Co(2p3/2)  spectra 
were  deconvoluted  into  four  peaks  corresponding  to  the  metallic 
cobalt  Co°  (778.25  eV),  CoO  -►  Co11  (780.25  eV)  and  to  two 
shake-up  satellite  peaks  of  Co11  (782.35  eV  and  786.05  eV).  In  this 


case  the  following  constraints  were  used:  equal  width  and  shape 
for  Co°,  Co11  and  two  shake-up  satellite  peaks.  The  intensity  ratios  of 
Co11  to  shake-upi  and  shake-up2  were  considered  as  free 
parameters. 

3.  Results 

Fig.  2  reports  survey  spectra  of  the  Pt/C  and  PtCo/C  electro¬ 
catalysts  in  which  all  the  elements  found  by  chemical  analysis  in 
the  powder  and  electrodes  can  be  distinguished,  i.e.  peaks  which 
correspond  to  Pt,  Co,  C,  and  O  elements  and  F(ls)  strong  signal 
present  in  spectra  of  as  prepared  and  used  (degraded)  electrodes 
indicating  the  presence  of  Nation  (ionomer  phase)  in  the  catalytic 
layer.  The  Pt/Co  atomic  relation  in  pristine  powder  and  in  the 
electrodes  obtained  by  normalization  of  Co  signal  are  shown  in 
Table  1.  For  comparison  the  results  of  XRD-  and  XAS-extracted  Pt/ 
Co  ratio  [19  are  also  presented  in  Table  1.  Other  parameters  ob¬ 
tained  during  the  previous  structural  analysis  of  considered  sam¬ 
ples  (like  particle  mean  diameter  and  chemical  order  parameter), 
useful  for  subsequent  discussion,  are  also  shown  in  the  table. 


1000  800  600  400  200  0 

Binding  energy  (eV) 

Fig.  2.  The  survey  XPS  scan  recorded  for:  a)  20%Pt/Vulcan  and  b)  30%PtCo/Vulcan 
electro-catalysts  in  the  pristine  powder  forms  (pp-Pt/C,  pp-PtCo/C),  as  prepared 
electrodes  (0-Pt/C,  0-PtCo/C)  and  electrodes  worked  for  100  h  (100-Pt/C,  100-PtCo/C). 
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Table  1 

XPS-extracted  Pt/Co  atomic  ratio  in  30%PtCo/Vulcan  samples.  Pt/Co  relations  ob¬ 
tained  for  considered  samples  by  XRD  and  XAS  analysis  [19]  are  also  shown  for 
comparison.  Other  parameters  presented:  Dave  —  particles  mean  diameter  as 
extracted  from  XRD  and  TEM  data  [19,22]  (I,  II  indices  —  mean  value  of  the  first  and 
second  peak,  respectively,  in  “bimodal”  particles  size  distribution  profile),  s  — 
chemical  order  parameter  for  a  bimetallic  alloy  (define  in  Ref.  [18],  s  =  1  indicates 
perfect  chemical  order)  and  calculated  on  the  base  of  XAFS  data  [19  . 


Sample 

Pt/Co  atomic  ratio 

Dave  [nm] 

s 

XPS 

XRD 

XAS 

XRD 

TEM 

pp-PtCo/C 

4.4(2) 

3.08(2) 

2.65(2) 

4.3(9) 

5.5(5) 

0.6(1) 

0-PtCo/C 

3.7(2) 

3.5(1) 

2.65(4) 

5.0(5) 

5.4(5) 

0.5(1) 

50-PtCo/C 

4.4(2) 

4.0(5) 

3.8(1) 

4.9(5) 

5.3(5) 

0.8(1) 

100-PtCo/C 

4.6(2) 

— 

— 

— 

— 

— 

1 50-PtCo/C 

4.9(2) 

4.0(5) 

3.9(1) 

5.0(5) 

5.4(5) 

0.8(1) 

pp-Pt/C 

2.5(3) 

2.40(5) 

0-Pt/C 

2.4(1) 

1.95(3) 

100-Pt/C 

2.7(1) 

2.30(3)! 

4.55(3)n 

150-Pt/C 

3.1(2) 

2.75(3)! 

6.36(3)n 

On  the  basis  of  XPS  measurements  it  is  also  possible  to  estimate 
the  relative  valency  of  Pt  and  Co  components  present  on  the 
external  shell  of  nanoparticles  in  the  considered  electrocatalysts. 
Fig.  3  shows  XPS  Pt(4f)  (panels  a  and  b)  and  Co(2p3/2)  (panel  c) 
spectra  and  their  components  for  pristine  powders  (pp-Pt/C  and 
pp-PtCo/C),  as  prepared  (O-Pt/C  and  0-PtCo/C)  and  aged  (100-Pt/C 
and  50-PtCo/C)  electrodes.  The  relative  amounts  of  metallic  Pt°  and 
its  oxides  determined  from  the  best  fit  of  Pt(4f)  spectra  for  all 
samples  are  shown  in  Table  2.  Whereas,  relative  amounts  of  Co0  and 
Co11  obtained  from  the  best  fit  of  Co(2p3/2)  spectra  for  all  samples 
are  shown  in  Table  3. 

4.  Discussion 

At  the  first  view  the  data  presented  in  Table  1  revealed  clear 
dependence  on  the  catalyst  particles  nanostructure  and  FC  working 
time.  Moreover,  differences  in  Pt/Co  atomic  ratio  in  each  catalyst 
degradation  stage  as  obtained  by  XPS,  XRD  and  XAS  techniques, 
having  different  sensitivity  to  the  physical  parameters,  show  the 
complexity  of  the  structural  changes  occurred  in  the  material 
during  their  operation.  However,  combining  present  XPS  results 
with  previous  XRD,  XAS  and  TEM  ones,  we  constructed  the  model 
of  the  evolution  of  Pt  and  Pt-Co  nanoparticles  structure  in  PEMFC 
electrocatalysts  in  the  subsequent  degradation  stages.  Then,  we 
used  this  model  to  discuss  the  data  presented  in  Tables  2  and  3.  In 
Section  4.1  the  results  related  to  pristine  powders  are  considered. 
The  nanoparticles  structure  in  degraded  PtCo/C  and  Pt/C  electrodes 
is  presented  in  Sections  4.2  and  4.3,  respectively. 

4.2.  Pristine  powders 

Starting  to  consider  data  obtained  for  studied  pristine  powders, 
shown  in  Table  1,  it  should  be  underlined  that:  1 )  because  of  the 
mean  free  path  value  of  the  considered  photoelectrons  (Pt(4f)  and 
Co(2p3/2)),  XPS  measurements  sampled  at  most  1-nm  thick  surface 
shell  of  metallic  particles;  2)  XRD-extracted  value  defines  the 
stoichiometry  of  bulk  crystalline  phase  and  is  insensitive  on  the 
presence  of  small  particles  or  amorphous/disordered  phase;  3) 
XAS-extracted  Pt/Co  atomic  ratio  is  related  to  the  ratio  of  the  XAS 
spectra  discontinuity  at  the  Pt  L3  and  Co  K  edges  which  are  pro¬ 
portional  to  the  total  amount  of  each  metal  in  the  sample,  including 
the  Co  not  fully  alloyed  with  Pt.  In  that  way,  the  differences  in  Pt/Co 
atomic  ratio  value  obtained  by  these  techniques  can  indicate 
inhomogeneous  Pt  and  Co  atoms  distribution  in  the  sample.  Table  1 


shows  that  just  such  a  case  we  had  to  deal  with  pp-PtCo/C  catalyst. 
XPS  spectra  analysis  gave  the  Pt:Co  atomic  relation  equal  to  4.4:1.  At 
the  same  time,  this  ratio  determined  by  XRD  pattern  and  XAS 
spectra  analysis  clearly  indicated  a  lower  Pt  content  in  the  sample. 
Therefore,  taking  into  account  all  these  aspects  and  other  data 
presented  in  Table  1,  it  can  be  established  that  pristine  powder  of 
considered  Pt-Co  alloy  catalyst  was  composed  of  metallic  nano¬ 
particles  with  a  mean  diameter  of  about  5.5(5)  nm  (TEM-deter- 
mined  value,  Table  1),  having  a  core-shell  structure.  Pt-Co 
nanocrystalline  core  had  a  mean  diameter  of  4.3(9)  nm  and  Pt3Co 
stoichiometry  (XRD-determined  values,  Table  1 ),  whereas,  chemi¬ 
cally  disordered  shell  exhibited  larger  Pt/Co  atomic  ratio,  at  least 
equal  to  5.5  for  an  assumed  shell  thickness  amounting  to  0.5  nm 
(see  also  Fig.  4). 

Comparing  now  data  presented  in  Table  2  obtained  for  pristine 
powder  of  Pt/C  and  PtCo/C  catalysts,  first  of  all  our  attention  is 
captured  by  the  difference  in  relative  amounts  of  oxidized  Pt  spe¬ 
cies  (for  pp-Pt/C  catalyst  total  relative  value  is  about  16%  higher, 
Table  2).  Due  to  different  particles  mean  diameter  and  different 
particles  surface  composition  direct  comparison  seems  unjustified. 
However,  taking  into  account  the  mean  particle  size  in  pristine 
powders  (  'able  1 )  and  the  structural  model  constructed  above  for 
pp-PtCo/C  combining  XRD/TEM/XAS  and  XPS  data,  it  can  be 
calculated  that  for  pp-Pt/C  about  50%  of  all  platinum  viewed  by  XPS 
measurement  belongs  to  the  nanoparticles  surface,  whereas  in  the 
case  of  pp-PtCo/C  -  only  about  35%.  This  means  that  coverage  of 
nanoparticle  surface  by  Pt  oxide  species  is  lower  for  alloyed  parti¬ 
cles.  Based  on  the  obtained  values  and  on  the  previous  electro¬ 
chemical  tests  (see  e.g.  Fig.  1),  it  can  be  observed  that  a  lower  mean 
surface  Pt  valency  in  pristine  powder  corresponds  to  a  greater 
possible  initial  electrocatalyst  activity  and  stability.  Moreover,  it  can 
also  be  calculated  that  25-30%  of  all  Co  atoms  viewed  by  XPS 
measurement  belongs  to  the  particle  surface  in  pp-PtCo/C  sample. 
Whereas,  the  obtained  during  analysis  a  relative  content  of  Co11 
equaled  38(2)%  ( Table  3).  This  difference  shows  that  small  Co  (or 
Co-rich  alloy)  particles  and/or  crystalline  cobalt  oxide  are  present  in 
studied  pristine  material,  consistent  with  previous  TEM  image 
analysis  showing  that  about  5%  of  all  particles  in  pristine  powder 
had  a  diameter  smaller  than  2  nm  [18  . 

4.2.  Degraded  PtCo/C  electrocatalyst 

Considering  now  electrocatalyst  forming  a  cathode  catalytic 
layer  (having  a  total  thickness  of  about  15-25  pm),  it  should  be 
taken  into  account  that  in  this  case  XPS  measurement  sampled 
external  shell  of  metallic  nanoparticles  placed  only  close  to  the 
cathode/membrane  interface  (within  about  1  nm,  at  the  surface  of 
the  catalytic  layer),  where  the  catalyst  was  very  intensively 
exploited  in  the  oxygen  reduction  reaction.  Whereas  XRD  and  XAS 
measurements  sampled  the  whole  catalytic  layer  volume.  More¬ 
over,  discussing  the  XPS  data  presented  in  Tables  2  and  3  it  should 
be  underlined  that  the  measurements  were  performed  ex  situ  (not 
under  the  catalyst  reduction  conditions).  Thus,  the  results  pre¬ 
sented  in  tables  are  directly  related  to  the  effect  of  structural 
catalyst  modifications  occuring  during  their  operation.  In  this  way, 
relative  content  of  Pt  and  Co  components  with  high  valency  (II  or 
IV)  indicates  the  atoms  which  were  on  the  metallic  nanoparticles 
surface  or  in  dissolved  species  (not  yet  reduced)  distributed  in  the 
catalytic  layer  volume. 

In  PtCo/C  material  after  catalytic  layer  preparation  and  4-h 
conditioning  (a  crucial  process  for  obtaining  a  suitable  initial  cell 
performance)  performed  in  fuel  cell  at  70  °C  and  0.6  V  (0-PtCo/C) 
the  XPS  atomic  ratio  changed  to  3.7:1  indicating  a  reduction  of  Pt 
relative  content  in  particle  external  shell.  Simultaneously,  XRD 
Pt:Co  atomic  ratio  increased  to  3.5:1  indicating  this  time  a 
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Fig.  3.  The  XPS  spectra  fitting  results  of  considered  electrocatalysts  in  the  form  of  pristine  powder  (pp-Pt/C,  pp-PtCo/C),  as  prepared  electrode  (0-Pt/C,  0-PtCo/C)  and  worked 
electrode  (only  100-Pt/C  and  50-PtCo/C  are  shown  as  the  others  are  very  similar),  a-b)  Pt(4f7/2)  and  Pt(4f5/2)  spectrum:  blue  peaks  correspond  to  metallic  state  Pt°;  light  blue  -  to 
Ptn;  ping  -  to  PtIv.  c)  Co(2p3/2)  spectrum:  blue  peaks  correspond  to  metallic  state  Co0;  light  blue  -  to  Co11;  ping  -  to  two  shake-up  satellite  peaks  of  Co11  [28].  (For  interpretation  of 
the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


reduction  of  Co  relative  content  in  particle  core.  XAS-determined 
value  remained  unchanged.  During  our  previous  in  situ  XAS 
study  [19]  it  was  observed  that  in  the  case  of  MEA  composed  of 
PtCo/C  cathode  catalyst  conditioning  process  also  resulted  in  the 
local  structure  modification  in  metallic  nanoparticles.  The  main 
changes  in  the  XAS  signals  were  interpreted  as  a  result  of  cobalt 
dissolution  (Co  bonded  to  O  and  not  fully  alloyed  with  Pt),  corre¬ 
lated  with  a  slight  increase  in  chemical  disorder  on  the  particle 
surface  and  increase  in  local  structural  order  in  the  particle  core. 
Now,  taking  into  account  XPS  data,  possible  scenario  of  modifica¬ 
tions  occurring  during  MEA  activation  can  be  expanded  as  follow 
(considering  also  other  results  presented  in  Table  1  and  in  Ref.  19]): 
during  the  catalyst  preparation  stage,  Co  atoms  from  the  interior  of 


the  nanoparticles  migrated  to  their  surface  [31],  and/or  small  par¬ 
ticles  composed  predominantly  from  cobalt  atoms  dissolved, 
diffused  in  the  ionomer  phase  and  precipitated  on  the  surface  of 
bigger  ones.  This  agrees  with  previous  TEM  analysis  from  which 
resulted  that  particles  smaller  than  3  nm  almost  disappeared  dur¬ 
ing  this  stage  of  catalyst  work  and  particles  size  distribution 
asymmetry  decreased  indicating  a  possible  occurrence  of  Ostwald 
ripening  process.  As  a  result,  core  of  the  nanoparticle  reached  a 
mean  stoichiometry  Pt3.sCo  (XRD-determined  Pt/Co  value,  Table  1 ) 
and  became  more  ordered  (previous  XAS  analysis  results,  [19]), 
while  the  surface  of  the  nanoparticle  exhibited  lower  Pt  relative 
content  with  respect  to  pristine  powder  (mean  Pt:Co  ratio  reached 
at  least  4:1  assuming  this  time  0.25  nm  thick  surface  shell,  cf.  Dave  in 


M.  Ali  et  al.  /  Journal  of  Power  Sources  271  (2014)  548—555 


553 


Table  2 

Relative  amounts  of  Pt  atoms  in  metallic  state,  Pt(OH)2/PtO  and  Pt02  determined  by 
fitting  the  Pt(4f)  XPS  spectra. 


Sample 

Pt°  (%) 

Pt11  (%) 

PtIV  (%) 

pp-PtCo/C 

78(2) 

17(2) 

5(2) 

0-PtCo/C 

69(2) 

20(2) 

12(2) 

50-PtCo/C 

68(2) 

20(2) 

12(2) 

100-PtCo/C 

66(2) 

22(2) 

12(2) 

150-PtCo/C 

67(2) 

20(2) 

13(2) 

pp-Pt/C 

62(2) 

25(2) 

13(2) 

0-Pt/C 

69(2) 

14(2) 

17(2) 

100-Pt/C 

66(2) 

16(2) 

18(2) 

150-Pt/C 

66(2) 

16(2) 

18(2) 

Table  1 )  and  became  chemically  slightly  less  ordered  ( cf  chemical 
order  parameter  in  Table  1).  Schematic  representation  of  nano¬ 
particle  structure  is  shown  in  Fig.  4.  Furthermore,  dissolved  Co 
species  were  still  present  and  rather  homogeneously  distributed  in 
the  catalytic  layer  ( cf.  XAS-extracted  Pt/Co  ratios  in  fable  1). 

In  the  worked  PtCo/C  electrocatalyst  (50-,  100-  and  150-PtCo/C) 
the  relative  amount  of  Co  atoms  as  viewed  by  XPS  decreased 
gradually  in  time  (Co:Pt  dropped  down  to  1 :5).  Moreover,  it  should 
be  noted  that  the  biggest  change  was  observed  after  first  50  h  of 
work  and  that  particle  core  composition  after  this  time  reached 
Pt4Co  stoichiometric  relation  ( cf.  XRD-determined  Pt/Co  ratio, 
Table  1 ).  Taking  also  into  account  high  stability  of  the  particle  size 
distribution  and  increasing  chemical  and  structural  order  (espe¬ 
cially  in  Pt-Co  two-body  distribution,  [19]  and  Table  1)  it  can  be 
concluded  that  during  this  stage  of  catalyst  work  under  step-like 
potential  cycling  (first  50  h),  segregation  of  Co  atoms  at  the  sur¬ 
face  of  the  particle  progressed.  Co  atoms  belonging  to  the 


Table  3 

Relative  amounts  of  Co  atoms  in  metallic  state  and  CoO  determined  by  fitting  the 
Co(2p3/2)  XPS  spectra. 


Sample 

Co0 (%) 

Co11  (%) 

pp-PtCo/C 

62(2) 

38(2) 

0-PtCo/C 

37(2) 

63(2) 

50-PtCo/C 

70(2) 

30(2) 

100-PtCo/C 

66(2) 

34(2) 

150-PtCo/C 

67(2) 

33(2) 

nanoparticles  surface  and  those  not  fully  alloyed  with  platinum 
were  intensively  dissoluted  and  finally  removed  from  the  catalytic 
layer.  As  a  consequence,  a  core-shell  nanoparticle  structure  with 
Pt-rich  and  very  thin  shell  started  to  be  formed  (Fig.  4).  Subsequent 
hours  of  electrocatalyst  work  in  a  fuel  cell  resulted  in  a  progressive 
Co  depletion  in  particles  surface,  especially  in  the  catalytic  layer 
region  close  to  cathode/membrane  interface  (compare  XPS- 
extracted  Pt/Co  values  with  XRD  and  XAS  ones,  Table  1).  Finally 
(after  150  h),  Pt/Co  atomic  ratio  on  the  particles  surface  reached 
value  decisively  higher  than  5.0.  Since  external  particles  shell  was 
thinner  than  0.25  nm,  we  assumed  a  possible  Pt-skin  formation 
(Fig.  4).  In  these  stages  the  Co  atoms  migration  from  particles 
interior  to  the  surface  was  almost  stopped  (nanoparticle  core 
stoichiometry  remained  stable,  cf.  XRD-determined  Pt/Co  ratios  in 
Table  1 ).  Co  dissolution  slowed  down,  but  dissolved  cobalt  species 
still  present  in  the  ionomer  phase  were  systematically  removed 
from  superficial  part  of  the  catalytic  layer  ( cf  XPS  and  XAS- 
determined  stoichiometries  in  Table  1)  and  diffused  to  the  poly¬ 
mer  membrane  where  they  were  probably  accumulated,  as  was 
shown  in  Ref.  30]. 

Lets  look  now  at  the  estimated  relative  valency  of  Pt  and 
Co  components  present  on  the  external  shell  of  nanoparticles  in 
PtCo/C  electrocatalyst  in  subsequent  degradation  stages  (see 
Tables  2  and  3,  respectively).  Starting  from  the  first  one,  conditioning 
lasting  4  h,  we  just  know  that  after  this  period  outer  shell  of  particles 
and  their  surface  became  Co  richer  ( cf  Fig.  4)  and  more  disordered 
but  many  dissolved  species  were  still  present  in  catalytic  layer  (4-h 
conditioning  was  probably  too  short  to  remove  all  impurities  and 
oxides  from  catalyst  material  19]).  As  a  consequence  relative  con¬ 
tents  of  Pt11,  PtIV  and  Co11  were  higher  than  in  pristine  powder 
( fables  2  and  3,  respectively).  Calculations  performed  on  the  basis  of 
the  nanoparticle  structural  model  constructed  for  0-PtCo/C 
combining  XRD/TEM/XAFS  and  XPS  data  (Fig.  4)  showed  that  the 
amount  of  oxidized  platinum  corresponds  to  the  amount  of  Pt  atoms 
belonging  to  the  nanoparticles  surface.  Whereas,  the  relative 
contribution  of  Co11  was  at  least  two  times  higher  than  the  surface  Co 
contribution  as  calculated  from  the  nanoparticle  structural  model. 
To  reproduce  XPS  amount  of  Co11  it  should  be  assumed  that  after 
PtCo/C  catalyst  conditioning  in  the  catalytic  layer  close  to  the 
membrane/cathode  interface  a  predominant  part  of  the  dissolved 
species  accounted  for  oxidized  cobalt  (in  agreement  with  observa¬ 
tions  presented  in  the  first  part  of  this  discussion). 


Powder 


0 


50  Time  (h)  100 


150 


Fig.  4.  Schematic  representation  of  modifications  observed  in  the  structure  of  Pt-Co  nanoparticles  in  30%PtCo/Vulcan  electrocatalyst  on  each  studied  operation  stage  as  resulted 
from  combined  XPS  and  XRD/XAS/TEM  analysis. 
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After  50  h  of  work  under  potential  cycling  conditions,  the  rela¬ 
tive  amount  of  oxidized  Co  components  in  PtCo/C  electrocatalyst 
decreased  severely  resulting  in  Con/Co°  ratio  drop  from  1.7  to  0.4, 
and  remained  quite  unchanged  during  the  subsequent  100  h.  Such 
a  result  confirmed  an  intensive  removal  of  dissolved  Co  species 
from  XPS  sensitive  region  of  catalytic  layer  occurring  mainly  during 
the  first  several  hours  of  potential  cycling.  On  the  contrary,  relative 
content  of  Pt11  and  PtIV  remained  unchanged  over  the  whole  150  h 
of  catalyst  work  corroborating  the  idea  that  negligible  part  of 
platinum  atoms  was  subjected  to  the  dissolution  process.  XAS  data 
analysis  [19  showed  exactly  the  same  trend  of  changes:  strong 
increase  of  Co  oxidation  level  after  catalytic  layer  preparation  and 
then  after  50  h  of  step-like  potential  cycling  even  stronger  decrease 
in  Co-0  contribution  (almost  reaching  the  limit  of  XAS  measure¬ 
ment  sensitivity).  Moreover,  XAS  results  indicated  that  Co  sites 
were  involved  in  structural  modifications  and  mainly  during  the 
first  hours  of  FC  operation,  while  local  neighborhood  of  Pt  atoms 
exhibited  high  structural  stability.  It  is  worth  to  mention  that  PtOx 
contribution  to  total  XAS  signal  for  each  sampled  electrode  was 
below  the  measurement  sensitivity.  Using  all  these  data  and  results 
of  calculations  11  showing  that  Co  in  the  subsurface  rather  than 
on  the  exposed  surface  enhances  the  stability  of  Pt  atoms,  we  can 
suppose  that  in  considered  PtCo/C  catalytic  material  Pt-skin 
structure  started  to  be  formed  just  after  the  first  cycling  hours 
and  then  only  progressive  skin  ordering  occurred.  These  modifi¬ 
cations  in  the  nanoparticle  surface  are  clearly  correlated  with  the 
electrochemical  performance  of  the  fuel  cell.  In  other  words,  until 
the  Pt-skin  structure  started  to  be  visible  (after  the  first  50  h  of 
cycling)  a  mild  loss  of  cathode  catalyst  activity  was  observed  (from 
0-PtCo/C  to  50-PtCo/C  current  density  at  0.8  V  decreased  over 
30  mA  cm"2,  Fig.  1),  then  only  progressive  skin  ordering  occurred 
and  was  accompanied  by  progressive  slight  increase  of  this  activity 
(from  50-PtCo/C  to  150-PtCo/C  current  density  at  0.8  V  increased  of 
about  25  mA  cm-2,  Fig.  1). 

4.3.  Degraded  Pt/C  electrocatalyst 

In  the  case  of  Pt/C  material  forming  a  cathode  catalytic  layer  a 
clear  reduction  in  the  relative  amount  of  platinum  oxides  in  0-Pt/C 
with  respect  to  pp-Pt/C  was  noted  ( fable  2).  Effect  was  strong 
enough  to  be  also  visible  in  XAS  spectra  [21].  For  XPS  measure¬ 
ments,  this  change  may  be  reasonably  attributed  to  the  modifica¬ 
tions  in  metallic  granular  structure  (increase  of  particle  size 
distribution  asymmetry  on  the  large-sized  particle  side)  and  to 
complete  activation  of  Pt/C  catalyst  by  4-h  conditioning  at  70  °C 
and  0.6  V.  This  means,  that  during  this  relatively  short  period  a 
major  component  of  soluble  oxidized  Pt  species  diffusing  in  the 
ionomer  phase,  probably  mainly  toward  the  membrane,  precipi¬ 
tated  on  the  other  particles  and/or  migrated  to  the  polymer 
membrane  leaving  the  catalytic  layer.  Thus,  these  large-sized  par¬ 
ticles  (from  the  tail  of  the  size  distribution)  were  located  mainly  in 
the  XPS  sampled  region  (volume-to-surface  atom  ratio  increase 
means  (Pt°):(Ptn  +  PtIV)  ratio  increase). 

Regarding  Pt/C  catalyst  working  under  step-like  potential 
cycling  conditions,  relative  amounts  of  Pt11  and  PtIV  remained  un¬ 
changed  over  whole  150  h  of  accelerated  degradation,  as  in  PtCo/C 
catalyst.  However,  in  this  case  pure  Pt  metallic  granular  structure  of 
electrocatalyst  continuously  varied  during  FC  operation  ([22]  and 
Table  1 ).  The  mean  nanoparticle  size  from  stage  to  stage  system¬ 
atically  increased  (at  the  beginning  mainly  through  the  dissolution/ 
precipitation  process  and  later  by  particles  agglomeration  and 
coalescence).  Obviously,  this  had  to  be  followed  by  systematical 
increase  in  volume-to-surface  atom  ratio:  from  1.0  to  1.4  for  par¬ 
ticles  with  mean  size  2.4  nm  and  3.1  nm,  respectively.  Instead,  XPS 
extracted  data  showed  this  ratio  quite  constant  and  equaled  to 


about  2.0  (this  ratio  corresponds  to  the  mean  particle  size  larger 
than  4.0  nm).  Taking  into  consideration  processes  occurred  during 
conditioning  and  that  particle  size  distribution  became  more 
asymmetric  with  working  time,  reaching  for  long-operated  catalyst 
even  bimodal  shape  with  a  mean  diameter  of  large-sized  part  of 
over  6  nm  ( cf.  Table  1),  it  can  be  concluded  that  as  a  result  of  po¬ 
tential  cycling  large  particles  were  formed  mainly  in  the  XPS 
sampled  region,  i.e.  near  to  cathode/membrane  interface  (in 
agreement  with  data  presented  in  Ref.  [29  ). 

5.  Conclusions 

In  the  present  contribution,  XPS  spectra  analysis  performed  for  a 
set  of  carbon  supported  Pt  and  Pt-Co  catalysts,  subjected  to 
accelerated  degradation  in  a  real  fuel  cell,  were  presented.  Results 
were  discussed  in  the  light  of  previously  published  data  of  TEM, 
XRD  and  XAS  measurements.  It  should  be  underlined  that  the  dy¬ 
namics  of  structural  modifications  observed  in  the  nanoparticles 
surface  region  (i.e.  working-time  dependent  variations)  is 
compatible  with  changes  observed  by  XRD  and  XAS  techniques. 
Combining  all  the  methods,  exhibiting  different  sensitivity  to 
physical  parameters,  it  was  possible  to  construct  a  detailed  model 
of  the  catalyst  atomic  structure,  with  the  quantitative  determina¬ 
tion  of  the  nanoparticle  surface  composition.  We  were  able  to 
extract  some  information  regarding  the  catalysts  degradation 
mechanisms  on  each  considered  stage  of  catalyst  operation:  start¬ 
ing  from  the  pristine  powder,  through  the  conditioned  electrode,  to 
electrodes  operating  in  fuel  cells  under  step-like  potential  cycling 
conditions. 

The  obtained  results  confirmed  strong  potential  cycling-induced 
structural  modifications  in  both  electrocatalysts.  However,  for  Pt/C 
catalyst  these  changes  were  a  consequence  of  working  conditions 
stimulating  intensive  solubility  of  oxidized  Pt  and  their  precipita¬ 
tion  leading  to  a  systematic  growth  of  the  mean  nanoparticle  size. 
Moreover,  it  was  noted  that  the  large  particles  were  formed  mainly 
in  the  region  close  to  the  cathode/membrane  interface.  In  the  case 
of  PtCo/C  catalyst  the  biggest  structural  modifications  were  asso¬ 
ciated  with  the  atomic  level  changes  in  which  cobalt  atoms  were 
mainly  involved.  It  was  also  demonstrated  that  alloying  platinum 
with  cobalt  led  to  lowering  their  solubility  and  to  the  formation 
(under  FC  operation  conditions)  of  Pt-Co  nanoparticles  with 
structure  composed  of  a  stable  Pt4Co  alloy  core  covered  by  thin  Pt- 
rich  shell  and  finally  by  Pt-skin  which  exhibited  higher  structural 
stability  than  nanoparticles  composed  of  only  Pt.  Additionally,  it 
was  observed  that  slight  variations  in  PtCo/C  cathode  catalyst  ac¬ 
tivity  during  FC  operation  under  step-like  potential  cycling  are 
strongly  correlated  with  structural  modifications  occurred  in  the 
thin  external  shell  of  Pt-Co  nanoparticles. 
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